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Abstract

Purpose: Although it is well known that catchment suspendediment yields (SY, [t kihy™Y]) can vary
significantly from year to year, little informatiaexists on the magnitude and factors controlling tariability.
This is crucial to assess the reliability of aver&y-values for a given measuring period (MP) andfigreat

geomorphic significance. This paper aims at brigdhis gap.
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Materials and methods: A world-wide database was compiled with time sedésneasured SY-values. Data
from 726 rivers (mostly located in Europe, the M&dast and the USA) were collected, covering 15,02
annual SY-observations. The MPs ranged betweam 758 years, while catchment areas (A) ranged letwe
0.07 and 1.84 * 10km2 For 558 catchments, also the annual runofitiée corresponding to the SY-
observations were available. Based on this datalise-annual variability was assessed for eat¢bhcaent
and relationships with factors potentially explamthis variability were explored.

Results and discussionCoefficients of variation of SY varied between 6%&813% (median: 75%). Annual
SY-data are generally not normally distributed paositively skewed. Inter-annual variability gengrahcreases
with increasing average SY. No significant relasibip was found between the inter-annual variabitySY

and A, while weak but significant relationships weroted with the variability in annual runoff anainfall

depths. Detailed analyses of a sub-dataset comdsmp to 63 catchments in Romania revealed no clear

relationships between inter-annual variability of 8nd land use or topographic characteristics. KRbetess,
indications were found that variability is larger tatchments with erosion-prone land use condition

Using a Monte Carlo simulation approach, the eféddhter-annual variability on the reliability efverage SY-
data was assessed. Results indicate that uncersaime very large when the MP is short, with medeative
errors ranging between -60 and 83% after five yeansionitoring. Furthermore, average SY-values baze
short MPs have a large probability to underestinratther than to overestimate the long-term mean. Fo
instance, the SY-value of a median catchment aftene year MP has a 50% probability to underestirtiat
long-term mean with about 22%. Uncertainties quiakbcrease with the first years of measurementchant
remain considerable, even after 50 years of mangor

Conclusions:Uncertainties on average SY-values due to intetanwariability are important to consider, e.g.
when attempting to predict long-term average SYuesalusing a steady-state model, as they put fundame

limits to the predictive capabilities of such madel

Keywords Measuring period « Monte Carlo simulations ¢ RdnoScale-dependency « Temporal variability

Uncertainty

1 Introduction

Reliable catchment sediment yield (SY, [t kmyi']; i.e. the quantity of sediments transported thfoa river
section per unit of upstream area and per uninoé)}tis crucial for various purposes, such as datisiaking in
environmental management, hydraulic structuresc#tibration and validation of models predicting 8ivd for
a better understanding of the relationship betwggmmorphic activity and various biogeochemical egdle.g.
Owens et al. 2005; Viers et al. 2009; Vanmaerckal.e2011a). The reliability of SY estimates is Wmoto
depend the measuring method (e.g. Walling and WEB®1; Phillips et al. 1999; Verstraeten and Poe2@d?2;
Moatar et al. 2006). However, SY is also known éoyvsignificantly from year to year (e.g. Olive aRéeger
1992; Achite and Ouillon 2007; Morehead et al. 20B8gen 2004). As a result, the reliability of sage SY-
values also depends on the the length of the ar8Yakcord, i.e. its measuring period (MP, [y])tdugh the
importance of inter-annual variability in SY is geally recognized, limited quantitative informatisnavailable

on the magnitude of this inter-annual variabilihdahe associated uncertainties on average SY salue
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Various factors may be expected to influence theriannual variability of SY. Nordin and Meade (138
suggest that variability decreases with increasaighment area (A, [km?]). Such a decrease coulexpected
as the temporal variation of SY for sub-catchméntikely to average out at larger scales. Furtlwanlarger
catchments can be expected to have larger floauplahich may buffer SY changes at longer time scédeg.
Phillips 2003). Also at intra-annual scale, A isolam to strongly control the temporal variability sédiment
fluxes (e.g. Morehead et al. 2003; Gonzales-Hidatgal. 2009). As a result, the required MP to heliee SY
with a given accuracy should decrease with incngasatchment area. However, not all studies conthis
trend: Olive and Rieger (1992) compiled long-terifrdata for several river systems in different eamiments
and found no clear evidence of decreasing intec:alnvariability with increasing A.
Climatic variation has been observed to have a dantiimpact on the annual sediment load of various
catchments (e.g. Restrepo and Kjerfve 2000; I&0@6; Achite and Ouillon 2007; Tote et al. 2011) ibis not
clear how climatic variability and sediment yieldriability are linked: Walling and Kleo (1979) fodimo clear
relationship between the annual variability in S¥ anean annual precipitation, for a dataset of @&6hments
with at least 7 years of SY-observations.
Also land use may affect the inter-annual varigbitif SY. It is well known that catchments undeatde land
are generally more sensitive to erosive rainfalreg (e.g. Ward et al. 2009; Notebaert et al. 200His may not
only result in larger average SY values, but als@ ilarger temporal variability of SY for the samaénfall
conditions. Johnson (1994) observed an increadieeivariability of suspended sediment concentrati@sC)
after forestry works in two Scottish catchmentsligating a greater sensitivity of the SY for theaéchments to
climatic variability. Nevertheless, no study exidtat quantifies the relative importance of land irsexplaining
the variability of annual SY compared to other fast
Apart from our limited understanding about the niaglte and factors controlling inter-annual SY vhiiidy,
also the effect of this variability on the reliatyilof average SY-values remains difficult to assd¥ased on the
central limit theorem, previous studies (e.g. Wigilil984; Olive and Rieger 1992) have proposed sesasthe
uncertainty of average SY-values due to inter-ahvaiability as:

SEy = ey (Eq.1)

JMP

where Sky is the standard error of the mean SY and;}dt6 coefficient of variation. Although Eq. 1 sugte
an easy method to assess the reliability of aveBatdata, the resulting standard errors and confidéntervals
may be subject to large errors. Annual SY-valuesafgiven catchment are not necessarily normadriduted.
Several studies show that average SY-values castrbegly influenced by one or more extreme eveatg. (
Bogen 2004; Achite and Ouillon 2007; Tomkins et 2007). This skewed nature of SY-data limits the
calculation of reliable Sy¥.a,confidence intervals, based on the central lidotem (e.g. Hastings 1965; Bonett
and Seier 2006).
As a result, very few guidelines exist on how Id3g should be measured to obtain a representatieenge
value under various conditions. Based on the asalg$ long-term measuring campaigns at six gausfiaigons
in Canada and using the approach of Eq. 1, Day8)198ggests that a MP of one decade suffices tairobt
sediment loads, as estimated standard errors céaskxtrease after ten years. However, a clospeati®n of
the results of Day (1988) shows that although uaagties did not further decrease, they were stilisiderably

high. After ten years of monitoring, the estima®Esy was still approximately 40%. Summer et al. (1992)

3
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arrived at a similar conclusion, based on data fsdrgauging stations in Austria. Feyznia et alQ2) suggest
optimal measuring periods between 9 and 25 yeses sthtistical analyses of SY-data for 13 catchimenliran.
However, given the limited sample size used inghstadies and the limitations of the standard expmroach, it

is clear that the conclusions drawn from theseistushay not be generally valid.

A major reason explaining this limited understagdef the factors controlling inter-annual variatyiland its
effect on the reliability of average SY-valueshis tack of studies that quantify the inter-annuaiability of SY

for a sufficiently large number of catchments reprging a wide range of environmental and catchment
characteristics. With the exception of the eaniemntioned study by Walling and Kleo (1979), mostgts on
the inter-annual variability of SY focus on a liedtnumber of catchments, often located in a speg#&ographic
region. As indicated by Olive and Rieger (1992ksth studies were often restricted by the relatilietjted
number of long-term SY-observations. However, aer last decades more and longer time series afahnn
SY-data have become available, making a more geaeasysis possible.

Therefore, the objectives of this study are: ipé&dter explore the magnitude and factors contlimer-annual
variability of SY, based on a large dataset of mest SY that represents a wide range of environahent
characteristics; ii) to provide and apply a mettiwat allows assessing the reliability of averagel®¥ed on its
MP and its inter-annual variability; and iii) tosguss the implication of our findings for the rbllay of average

sediment yields.

2 Materials and Methods

2.1 The sediment yield dataset

A database of catchments with individual annuapended SY observations was compiled based on data t
which the authors had access. A catchment wasdedlin the analyses if: i) the catchment area (A3 known;

i) the latitude and longitude of the catchmentletufi.e. the gauging station) was known with acggien of at
least 5’; and iii) annual suspended SY data wegdlable for at least seven individual years. Ttst &election
criterion agrees with that proposed by Walling &fido (1979) and was considered as a reasonable-tfid
allowing to retain a sufficiently large number aditchments (representing a wide range of environahent
characteristics) while having a sufficiently longPMo reflect the inter-annual variations. If repdrtthe annual
runoff depths, corresponding to the annual SY ofadiEms were also included in the dataset.

In total, 15,025 individual annual SY observatidnem 726 catchments were retained. For 558 catctsnen
(representing 11,173 catchment-years of obsengtidime runoff depths corresponding to the annual SY
observations were also known. Fig. 1 displays tduation of all outlets of the catchments considarethis
study. The large majority of the catchments arsteled in the Middle East, Europe and the USA, evhiany
regions are covered by few or no data. Nonethetassavailable data represent a wide range of palsind
climatic conditions including the Artic and Boreagions, temperate lowlands, various mountain rareagel
(semi-) arid regions. Table 1 shows an overviewhefcollected data and their original source penty.

Although the details of the measuring procedureremeknown for all catchments, the large majorifytioe
annual SY-data were obtained by applying runoftiisge — suspended sediment concentration (SSi@Y rat
curves to series of continuously measured rundafthtirges (with at least a daily temporal resolitiamd
integrating the resulting continous sediment expalties over a year (e.g. Palsson et al. 2000; khexdri et al.

2004; EIE, 2005). For some catchments SSC-values arly measured for a relatively short period, levtine



158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197

resulting Q-SSC rating curve was applied to a lorigee series of runoff discharges (e.g. Close-kecet al.
1982; Pont et al. 2002). However, for > 95% of taechments SSC was sampled regularly througheul/th.

It is well known that deriving total SY from ratingurves is not without problems and may lead to an
underestimation of true sediment loads if the appate corrections are not applied (e.g. Asselm@a0o2
However, it was not possible to assess to whatnéxdech errors may have affected the SY-valuesuin o
database and we did not attempt to make any fucthreection to the considered data.

Fig. 2 displays the frequency distribution of camemts according to their A and MP. Catchment araage
from 0.07 to 1.84 * 10km2, with most catchments having an A betweend®) 10,000 km2. Measuring periods
range between 7 and 58 years (average: 20.7 ymadian: 17 years). The majority of catchments awmred
have a MP of 7 to 15 years. However, also a sicanifi fraction of catchments has a MP of 30 yearssth\of
these catchments are located in Iran (see TabRebression analyses indicated no relationship dmtvihe A
and MP of the considered catchments. For most dereil catchments, the MP consisted of a series of
consecutive years. For 146 catchments the sedireentd showed a hiatus of one or more years. Etliden

years for which no SY-value was available wereawotsidered for the MP.

2.2 Characterization of the inter-annual variability

A common measure to express the variability of ta d&ries is the coefficient of variation (CV, %eg.ithe
standard deviation divided by the mean). Howevaglysis of the considered 726 time series of anfYal
values indicated that more than half of the tirméeseare not normally distributed (according tdiefbrs tests at
a significance level of 5%; Lilliefors 1967). Mdshe series are positively skewed. Furthermoregis whserved
that the fraction of normally distributed time ssridecreases as MP increases (Fig. 3). We theredtculated
also several other non-parametric measures to @&ealine inter-annual variability in SY, such as th&o
between the maximum and minimum observed valuglandoefficient of dispersion (Bonett and Seier&00
However, none of these measures yielded signifigalifferent results or trends and were generahglreliable.
The maximum/minimum ratio was significantly cortel with MP and only considers two observationshef
distribution, while the very low median SY of sogschments resulted in disproportionally large fioehts of
dispersion. It was therefore decided to only shad discuss the results based on the CV.

The non-normal nature of the considered time-sedi@ss not allow us to interpret CVs in the contekt
Gaussian statistics. For example, they can nosbd to estimate standard errors as discussed inttbduction
or to calculate confidence intervals (e.g. Bonatt &eier 2006) . Nonetheless, also for non-norndififributed
data the CV is a meaningful measure to describevén@bility (Hasting 1965). Furthermore, the CV swva
commonly used in other studies discussing the-ateual variability of SY (e.g. Walling and Kleo 2% Olive
and Rieger 1992).

2.3 Potential controlling factors of inter-annual \ariability

Several factors were considered that potentiallyla® observed differences in inter-annual variatin SY
between catchments. For each catchment, the cantlarea was derived from its original source. Femtiore,

an estimation of the average annual rainfall d¢pth., [mm y']) and its variability was made, based on the
CRU TS 2.0 dataset (Mitchell et al. 2004). Thisbglbdataset contains estimates of monthly raimfalla 0.5°
resolution for the period 1901-2000, based on nreastecords. The rainfall data of the grid celWwhich the



198 catchment outlet was located was considered tefesentative for that catchment. This assumptias made
199 Dbecause: i) for about half of the number of catahsién the database, A is smaller than one gritl iBeP nean
200 values of neighbouring gridcells are generally sjitg correlated with each other; and iii) for agamumber of
201 catchments, the location of the gauging station neassufficiently accurate to determine the upstreaiea from
202  adigital terrain model. Furthermore, rainfall cheteristics for each catchment were based on ttiee greriod
203 covered by the CRU TS 2.0 dataset and not for tRedfithe annual SY observations. This was doneuseca
204  for about 207 catchments, no matching.Rdata were available as the MP of the SY-data deduyears after
205  2000. Moreover, for 304 catchments, annual SY olasiems were reported for hydrological years. Thace
206 start and end dates of these hydrological yearge wien unknown or could not be matched with thgored
207 rainfall data since only monthly values were avada(i.e. when a hydrological year started in thddie of a
208 month). Furthermore, R.rvalues and the coefficients of variation in anntaihfall (CVy) were found to
209 generally differ little when they were calculatemt the period 1901-2000 or for the MP of the SYada&ince
210 the calculated R.+ and C\t—values are based on very coarse resolution datasdtdo not correspond with
211 the actual rainfall conditions that occurred durihg MP of each SY time series, they are subjeictéaiportant
212  uncertainties. Nonetheless, it is expected that fitevide reasonable indication of the rainfall icweristics in
213 the considered catchments.

214  For the catchments with measured annual runoffrdeptailable (n = 558, see section 2.1), also teanm
215 annual runoff depths (Rungff., [mm]) and the coefficients of variation of thenaml runoff depth (C¥unor)
216 were considered as a potential controlling factor.

217 The evaluation of land use and topography effent§¥ variability can be expected to be difficultaifglobal
218 dataset is used, as many other controls will vingngly between different catchments. Thereforeulbset of
219 catchments within a relatively small geographiegjion was selected. This subset consisted of @hm@nts in
220 the Siret basin, Romania (INHGA 2010, see FigMgasuring periods for these catchments ranged leetwa
221 and 58 years (median: 51 years). Although SY-daienf67 catchments in the Siret basin were available
222  subcatchments are mainly located in Ukraine. Tisagehments were excluded from the subset, asdhainage
223 area was not covered by the data layers used (se€lF For each catchment in this subset, the ameer
224  catchment slope (%) was calculated, based on SRatiwith a 90 m resolution (CGIAR 2008) and thetien
225 of arable land in each catchment was determineskdan the CORINE land cover map of 1990 (EEA 2010)
226  Furthermore, an averagely estimated of sheet dretosion rate (SEM, [t kifiy™]) was calculated based on a
227  recently published map of sheet and rill erosiciesan Europe (Cerdan et al. 2010). This map isdbam
228 empirical relationships between sheet and rill ierosates and land use, topography and soil cheniatits and
229 s expected to give an unbiased estimate of stmektiherosion rates.

230

231 2.4 Assessing the reliability of average sedimenigjds in terms of their inter-annual variability

232  As explained in the introduction, the generally smmmmal distribution of SY time series (Fig. 3) ieges us
233 from using the central limit theorem to assessutheertainty on average SY-values with a known Meims
234  of its inter-annual variability (Eq. 1). Therefore,different strategy was developed to assessetrability of

235 average SY-values as a function of their MP.
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As a first exploration of the effects of inter-aahuariability on the uncertainty, the relativearof the average
SY for a given MP (S¥.an) Was compared to the average SY after the firsge80's of monitoring (S¥ean,3)
for all time series with at least 30 years of SYs@dyations (n = 226). The relative error was cal@ad as:
(SYmean,— SYmean,3)/S Ymean,30 (Eq. 2)
with i = MP, and S¥.ean3d¢he mean SY after 30 years of measurement. Fohmetiets with more than 30 years
of SY observations, only the first 30 years weresidered for the calculation of $¥an ze
Clearly, the relative errors resulting from thigpeagach cannot be used to assess the uncertair8Y qnvalues
for other catchments, as they are strongly comtioly the moment in the MP during which exceptidrigh
SY-values occur. Furthermore, the relative erreidantly converge to zero as the MP approachesea@sy but
even after thirty years of monitoring, uncertainty SY;.qrvalues may still be considerable due to inter-ahnu
variability. Therefore, a Monte Carlo simulatioropedure was used to assess the uncertainty rangeseoage
SY-values with a known MP due to inter-annual Maitity. The procedure of this simulations is expled
below.
As a first step, cumulative distribution functiofesif) were fitted through each time series witheaist 30 years
of observations (n = 226). Contrarily to Eq. 2, tb# MP was considered for time series with madnart 30
years of observations. While several potentialridistion functions were tested, it was found thatstnannual
SY records were best described with a Weibull higtron (Weibull, 1951). Weibull distributions acemmonly
used in various fields, including hydrology (e.gr flood frequency analyses,e.g. Heo et al. 2004& cdf of a

Weibull distribution is defined as:
F(X) =1-e®" (Eq. 3)

With F(x) the probability on a valug x, 2 > 0 a scaling parameter akd> 0 a shape parameter. Using a
maximum likelihood estimate procedure, thandk parameters of Eq. 3 were fitted for each timeeserror a
large majority of the catchments the cumulativeritigtion of the individual annual SY observaticcwuld be
well described with Eq. 3. with a median r2 of Olgstween observed and fitted annual SY valies. Rewdor
some time-series, Eq. 3 yielded a much lower ranimim: 0.40), which could be attributed to a poor
correspondence between observed and fitted vatuethd largest observed SY. Therefore, all distidoufits
with an r2 < 0.70 were excluded for the Monte Cailmulations (n = 24). The r2 values for the 20&a@ing
catchments ranged between 0.70 and 0.99 (median(0®2, average r2 = 0.90). A very strong negative
correlation between the k parameter of Eq. 3 ared GVsy of the considered time series was observed
(k=1.06*CVsy** r2 = 0.95; n = 202).

In a next step, the fitteklandA parameters were used to randomly generate a gesggies of 10,000 annual SY

observations for each of the 202 considered catoten&his was done by inverting Eq. 3 to:
SY = A(-In(p))’* (Eq. 4)

WhereSY,; is the simulated annual SY corresponding withraloanly picked numbep between zero and one.
Note that this approach assumes that all annua¥d@le are independent of each other, which is a@lityenot
always the case. However, this simplification istified since we mainly aim to assess the varighdf actual

SY-values, regardless of the trends or mechanighm8 this variability.
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Based on this generat&¥,-series, potential relative errors on the,g¥ were simulated by randomly picking
50 observations out of the simulated series amdilégily to Eq. 2) calculating the relative errora$unction of
the simulated measuring period:
Relative error Siean= (S¥neani— S ¥ean,19/S Ynean,Lt (Eg. 5)

Where SYeaniis the average of thefirst values of the 50 randomly picked g¥alues (1< i < 50) and
SYmean,7iS the average of all 10,000 $Values. For each catchment, this procedure wasateg 1,000 times,
which resulted in thousand simulated relative arfor each MP. The median of these 1,000 simulegkdive
errors corresponds with the median relative ernat tan be expected for a given MP, while the hglaad
lowest 2.5% of the simulated relative errors inthdle boundaries of the 95% confidence intervahefactual

relative error.

3 Results

3.1 Magnitude and controlling factors of the interannual variability of sediment yield

Fig. 4 depicts the observed inter-annual varigbitift SY, annual runoff discharge and their corresiog
exceedance probabilities, based on all availablea8S runoff data. Coefficients of varation for S€\sy)
range between 6% and 313% (median: 75%), while 85%e catchments have a gvVbetween 29% and
230%. Cvs of annual runoff depth (M. are generally lower, with values ranging betwdeand 278%
(median: 37%).

Fig. 5 plots the observed QY against the average SY-value for the entire MP.(gY for each catchment.
Weak but significant positive relationships (12 48 p < 1¢) were found, indicating that catchments with a
large SY,eantend to have a larger inter-annual variabilitysdf compared to catchments with a small.$¥ No
significant relationships were found between{¥nd catchment area (r2 = 0.01, p=0.35; Fig. 6xpRus of
the CVsy for different A-ranges also indicate only smalffeliences. Although a slight decrease in the median
and mean C¥, can be noted with increasing A for catchmentsdathan 10 kmz?, two-sided Wilcoxon rank
sum tests between neighbouring boxplots (at a feignice level of 5%) only indicated significant féifences
between catchments with A < 10 km? and catchmeiits 0 < A < 100 km? and between catchments with<10
A<10'and 16 < A < 10 km2,

No meaningful relationship was observed betweep.$¥énd the corresponding average annual runoff dgpth
= 0.02, p = 0.0002). Nonetheless, a significanatr@hship was found between g¥and the coefficients of
variation of the corresponding annual runoff defis= 0.35, p < 18; Fig. 7). R.anShowed only very weak
negative correlation with G\ (2 = 0.05, p < 10). However, a much stronger relationship was nbiestiveen
the coefficient of variation of the annual rainfaéipths (C¥) and C\&y (2 = 0.21, p < 19; Fig. 8). Note that for
one catchment, the estimated {OVas exceptionally low, compared to the €& other catchments (Fig. 8). As
this catchment is located on Svalbard (Norway)elatively data-poor region regarding climatic retsyrthis
CVp-value was considered to be unreliable and théhoadat was excluded from the regression analysis.

The relationships between the g\Vand various catchment characteristics for theedécted subcatchments of
the Siret basin (see Fig. 1) are shown in Fig.\8o0 Bf the catchments were known to be affecteddsgmvoirs
in their upstream area and were therefore not dezdlun the regression analyses. The results ireicatclear
trend between C¥ and catchment area, the average catchment slojlee draction of arable land. A strong

negative correlation was found between the avestape and the fraction of arable land in each cagait (12 =



313 0.81, p < 1d). Furthermore, no significant relationship wasrfdibetween SEM and $¥., while a weak but
314  significant positive correlation was observed b&tw€\Vsy and SEM (r2 = 0.10, p = 0.01).

315

316 3.2 Relative errors on average sediment yields die inter-annual variability

317  Fig. 10 displays the relative error of the aver&efor a given MP (S¥ean) as calculated by Eq. 2 for all
318 catchments with at least 30 years of SY-observat{orn= 226). As this figure shows, relative erronsSYmear
319 values based on short MPs can be very large. Thatike median error further indicates that,gy;values
320 based on a short MP underestimate the long-termageevalue. However, many of the considered timese
321 show a very similar evolution of the relative egras a function of the MP. This can be explainethbyfact that
322 many of the considered catchment are spatiallyt@tad (Fig. 1) and were monitored during the saereog.

323  The results of the Monte Carlo simulations are ldiggd in Fig. 11. Each boxplot in the top figureplays the
324  distribution of the simulated median error for aegi MP for all considered catchments (see sectid)) &hile
325  the boxplots in the lower figure display the cop@sding lowest and highest 2.5% of the simulatedrsrand
326 indicate a 95% probability interval of the relatiggrors. Similar to Fig. 10, median relative errars generally
327  negative, while the 95% probability intervals of tirrors are generally asymmetrical.

328

329 4 Discussion

330 4.1 Reliability of the obtained results and trend$ehind the observed variability

331 Some sources of uncertainty should be considerfatebdiscussing the observed results. First, tha dathis
332 study were collected by a range of measuring methedhich induce different degrees of uncertaintgr F
333  example, the timing and frequency of suspendedvsatti sampling and the extrapolation procedure nsayl
334 have a large impact on the obtained yearly SY &ldanual SY values based on low-frequency sampling
335 strategies often risk to underestimate the acedihsent export because important events may beethi€n the
336 other hand, if one of the few sampling moments cdies with a large event the importance given ie ¢vent
337  may be too high. In some occasions, this can leashtoverestimation of the annual SY value. Unasitss due
338 to low sampling frequencies can be high for SY dhtt were calculated with discharge-weighted ayera
339  concentration methods (e.g. Moatar et al. 2006Wwédi@r, also SY-data derived from Q-SSC relationshipy
340 be subjected to similar errors (e.g. Walling andb¥/el981; Phillips et al. 1999). Furthermore Q-SSC
341 relationships are not unique but may show importamtations within and between events, seasonsyaas.
342 SY estimations based on this procedure therefoomgly depend on the representativeness of thegatirves
343 used (e.g. Walling and Webb 1981; Phillips et 899; Asselman 2000; Morehead et al. 2003). Sineseth
344  uncertainties affect the annual SY values, theg alfect the inter-annual variations consideredhis study.
345  Unfortunately, insufficient data were availableagsess the importance of these uncertainties faresults.

346  Another important source of uncertainty on the igtd results is the potential presence of damsreservoirs
347  in some catchments. As indicated by various studiesnumerous dams and reservoirs constructedtioedast
348 decades have a large impact on the sediment flumaofy drainage basins, especially in Europe andUtiited
349 States (e.g. Vorosmarty et al. 2003; Walling 20@8hough at least 187 of the 726 catchments cameiti in
350 this study are known to be unaffected by dams seermmirs, this information is not available for tbheher
351 catchments. Most likely, a considerable fractiontiué other 539 catchments may have reservoirs éir th

352  upstream area.



353 The presence of reservoirs is generally expectetetoease the SY, as part of the sediments arpetage.g.
354  vorosmarty et al. 2003; Walling and Fang 2003). ldeer, examples have also been reported of ressrvoir
355  having no clear effect on monitored SY (e.g. PhillR003). Bogen and Bgnsnes (2005) even notedcasaise
356 in sediment loads after hydropower works in theaBslva catchment (Norway). Reservoirs may not only
357 influence the SY, but also the variability in SYowever, the impact of reservoirs on the temporabbéity of
358 sediment loads is difficult to assess as this dégpem the catchment characteristics, the locatigheoreservoir
359 in the catchment, their operating characteristicd the moment in the MP of the SY-record at whibb t
360 reservoir starts functioning. For example, the traision of a reservoir may result in a significal@icrease in
361 both the SY and the GV of a catchment. However, if the catchment wasaalyemonitored before the
362  construction of the reservoir, the sudden decr@a§&y may lead to an increase of the £Yor the complete
363  MP of the SY-record.

364  Although the results of this study are mainly exsesl in terms of coefficients of variation, theeirannual
365 variability of SY behind these coefficients are atways merely a result of random variations. Flatibns in
366 sediment loads can be the result of specific tremdg/cles related to land use changes, tectorgatsy climatic
367 changes, temporal storage of sediments in chammefl®odplains, or the occurrence of extreme evéatg.
368 leading to significant changes in channel morphgiaturing the MP (e.g. Morehead et al. 2003; Wagllét al.
369  1998; Walling 2006; Ouimet et al. 2007; Tote eal11).

370 Despite these uncertainties, the large number tohosents included in the database and the wideerahtheir
371 environmental characteristics can be expectedduvige a representative sample of the measuredbiitsian
372 sediment fluxes under the current conditions in WI®A and significant parts of Europe and the MidBkest
373 (Fig. 1). Whereas the aim of this study is maitdyquantify the magnitude of inter-annual variaipilof
374 measured SY-values and to explore the importancpoténtially controlling factors, comprehension tbé
375 mechanisms and processes behind this variabilifyires a more in-depth and catchment-specific aguiroA
376 significant part of this variability may be drivdary anthropogenic impacts. However, as humans arertly
377 one of the most important geomorphic agents (eapkid 2000; Vorosmarty et al. 2003; Cendrero e2@06,
378 Kareiva et al. 2007), their impact on the interaalrvariability of SY should also be considered.

379 Finally, it should be noted that the results ostkiudy only consider the inter-annual variabilitysuspended
380 sediment loads. A review by Turrowski et al. (20ir@)icates that also the temporal variability ofilsad and
381 its contribution to the total sediment load maycbesiderable and driven by other processes thae thffecting
382  the variability in suspended sediment load.

383

384 4.2 Magnitude and controlling factors of inter-anrual variability of sediment yield

385  The results of this study show that inter-annualamlity in SY varies significantly between catchnts (Fig.
386  4). As discussed in the introduction catchment,ack@atic variability and land use may be expedtedontrol
387 this variability. However, our results show veryidi evidence of this.

388 No meaningful decrease in G¥with increasing catchment area could be detedtgl 6). The variability of
389  SY for catchments < 10 km2 appears even to be snthtn that for larger catchments. This may hiébatable
390 to the fact that 14 out of the 27 catchments is gnbup are located in the Boreal region of SweatehFinland,
391  where the inter-annual variability was noted tdda compared to other regions. However, even focloaents

392  within the same river basin, no clear trend betw&emd C\&y was found (Fig 9a). Our results therefore concur
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393  with the findings of Olive and Rieger (1992) andioate that catchment area has no strong contrth@imter-
394  annual variability of SY.

395 Likewise, no significant relationship was found vee¢n the fraction of arable land and the s¢\or the
396 considered subcatchments in the Siret Basin (sge9E). This is may be explained by the very stroagative
397  correlation between the average catchment slope¢hanareal fraction of arable land of the catchméhig. 9e).
398 Catchments with a high proportion of arable lang trerefore not necessarily more sensitive to enosthe
399 estimated sheet and rill erosion rates (SEM) cenmsile combined effect of land use, topography smit
400 characteristics (Cerdan et al. 2010). Hence, theyige a more integrated measure of this erosiositeity.
401 Indeed, a weak (but significant) positive relatiipswas found between the average SEM and,QM the
402 selected catchments (see Fig. 9d). This suggeatstib presence of erosion-prone land use conditinay
403 indeed contribute to the inter-annual variabilifyY. However, the relationship is too weak to dramy hard
404  conclusions.

405  Although our results confirm the result of previatsdies indicating no clear relationship betwegg,fand
406 CVsy (Walling and Kleo 1979), a clearly significant fin& correlation between GVand C\sy was found (Fig.
407  8). This shows that inter-annual variability in $indeed to some extent controlled by climaticiafaitity.
408 Nonetheless, the observed relationship is weakeMetailed rainfall data corresponding to the dqteaiod of
409 SY-measurements may further improve this relatignsHowever, also the relationship between s¢\and
410  CVgrunoit (Fig. 7) is relatively weak. As these @M values are based on measured data corresponding 8Y
411 measuring period, this indicates that also climegigability at an annual time scale has only attoh influence
412  on the inter-annual variability of SY.

413 The generally poor correlations betweendCsnd various catchment characteristics mainlytithts that a large
414  part of the observed variation cannot be accoufiteevith the considered indicators. An importanttpzf the
415 observed scatter may be attributed to the unknowemds and uncertainties discussed in section 4.1.
416  Furthermore, other factors that were not considéretiis study due to a lack of data (e.g. catchngeology,
417 distance to potential sediment sources) may alptagxsome of the observed variance. Furthermoiis,vell
418 known that in many cases the largest fraction efahnual SY is transported during one or a feweldigod
419 events (e.g. Markus and Demissie 2006; Vanmaercie 2010), while several case studies illustthgeimpact
420 of an exceptional climatic or tectonic event onrage SY for longer time periods (e.g. Beylich aridt2004;
421 Bogen 2004; Hovius et al. 2011; Tote et al. 2088).a result, also inter-annual variability in SYpsbably
422 largely controlled by the occurrence of high-magaé events with a long recurrence interval. Thisildalso
423  concur with the observation that SY-time seriesganeerally positively skewed (Fig. 3).

424  Apart from the fact that predicting the occurrenéeuch events is generally very difficult, assegghe effects
425  of these events on SY requires a detailed and adlyatixplicit understanding about the potential isetht
426  sources and sinks in the catchment. Such knowledgenerally not available for most catchmentsaAssult,
427  the inter-annual variability in catchment SY rensauery difficult to predict.

428

429 4.3 Uncertainties on average sediment yields due itater-annual variability

430 As discussed in the previous section, inter-anwvaaiability on SY varies greatly between catchmeatsd
431 correlates only poorly with the considered catchimeharacteristics. As a result, also relativersrom average

432  SY-values vary greatly between the catchments amdlifficult to predict. Nevertheless, importannctusions
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can be drawn from the simulated relative errors By, based on all catchment with a sufficientlydaime
record. Both Fig. 10 and 11 clearly illustrate ttedaitive errors on average SY-values can be \agelfor short
MPs and are generally asymmetrical. Due to thednst auto-correlation and time-specific nature,dhleulated
errors of Fig. 10 cannot be used to assess thetaimtg on SY,e,svalues for other catchments. However, the
Monte Carlo simulation approach discussed in seQid avoids these problems and allows to assessrtter

of magnitude of these uncertainties.

The generally negative median relative errors (Hity. top) imply that average SY-values based ontshor
measuring periods are generally more likely to westimate the actual long-term mean. This undenasiton of

SY can be considerable, especially for short méagyreriods (< 5 yr). E.g. for the median catchmahour
Monte Carlo simulations, a SY-value obtained aftere year of monitoring has a 50% probability to
underestimate the long-term mean by about 22%. Mexkyethese underestimations quickly decrease with
increasing MP and after 5 years of monitoring, raedinderestimations can be expected to be less3han

Also the 95% error ranges on average SY-valueganerally not symmetrical (Fig. 11 bottom). For adman
catchment where SY was monitored for only one y#a,relative error on the long-term mean has a 95%
probability to vary between about -95% and +209%eWwe solve Eq. 5 to $¥an,5 this means that when a
SY of 100 t knfy™ is measured during one year, the 95% confidenezvial on the actual long-term S¥n
ranges between 32.4 and 2000 t%th These numbers not only illustrate the large undsties on average SY-
values derived from short measuring periods. Thep ahow the importance of considering the generall
skewed nature of SY time series when assessing threertainties. The median catchment in our databas a
CVsy of 75%. Calculating the corresponding uncertaitier the same SY-value and MP using Gaussian
statistics yields a clearly different 95% confideriaterval of -50 (hence zero) to 350 t fyit and fails to
identify the generally larger probability of undstienating the long term mean SY.

Similarly to the median errors, the 95% probabilange of relative errors quickly decreases asMBRencreases
(Fig. 11). For the same median catchment, theivelatror has a 95% probability of ranging betwe#sf6 and
+57% after ten years of monitoring. This implieatth ten years of monitoring results in an aver&yeof 100 t
km?y?, the 95% confidence interval on the actual longat8 YmeanWould range between 64 and 182 t¥m.

As can be seen on Fig. 11, errors decrease rdialitte when measuring periods further incredser example,
the relative error on the mean SY after 50 yearsnohitoring for the same median catchment may b#ll
expected to range between -22% and +24%, corresmphnl a 95% confidence interval of 81 to 128 tm

for a mean value of 100 t kfy™. This finding agrees relatively well with the sieslof Day (1988) and Summer
et al. (1992), who suggested that continuing measents after ten years contributes only littlehte teliability

of the measured average SY. Nevertheless, the esrges indicated in Fig. 11 clearly illustratesttthe
uncertainties on Sy.asvalues due to inter-annual variability may stil bonsiderable, even after a MP of 50

years.

4.4 Comparison with other sources of error and imptations

The uncertainties on S¥,svalues discussed in the previous section are |&gpecially for shorter measuring
periods, the potential error due to inter-annuaiaddlity may be at least as important as otherses of errors
on measured SY-data. Based on a detailed datagétsrhall flood-retention ponds in Belgium, Versten and

Poesen (2002) estimated that measuring errors ewaB}és derived from pond siltation rates rangevbeh 40
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and 50%. For SY-values derived from measuremengaaging stations, the total measuring error igroft
difficult to assess, as this depend on variousofacsuch as the sampling frequency (e.g. Walling) Afebb
1981; Phillips et al. 1999; Moatar et al. 2006§ #ampling regime (e.g. at regular time intervalsra flow-
proportional basis; Steegen et al. 2000), the samfdcation in the river cross-section (e.g. Seegnd Govers
2001), and errors on the runoff discharges (e.pahoet al. 2006). However, uncertainties on,S¥values due

to inter-annual variability for short measuring ipes (< 5 yr) may at least be as important as thatker
individual sources of error. For example, Moataale{2006) estimated for 36 rivers in Europe ams WSA the
effect of infrequent sampling on the reliability 8 -values calculated with the discharge-weightediraent
concentration method. They found median relativerer ranging between 0 and -55%, depending on the
considered catchment. This range of error compaiasively well with our median relative errors wh8Y is
monitored for only one year (see Fig. 11).

At an intra-annual scale, infrequent but large éveare known to strongly control annual SY-valuegy.(
Markus and Demissie 2006; Gonzales-Hidalgo et @92 Vanmaercke et al. 2010). SY-measurements which
are based on relatively low sampling frequenciesdtfore have a larger probability of underestintathe actual
sediment load, as they are more likely to not idelthe largest events (e.g. Webb et al. 1997; Mdceital.
2006). Similarly, Sy,easvalues based on a short MP have a relatively tgpgebability of underestimating the
long-term SY,e.an However whereas underestimations due to low samphfrequencies generally decrease
with increasing A (Webb et al. 1997; Moatar et 2006), no indications were found that also intentei
variability is controlled by catchment scale (sép B).

The results of this study show that average SYealiased on short measuring periods should beiated
with great caution. Not only are they subjecteadoy large ranges of uncertainty, they may alsceetq to be
biased and underestimate the long-term averageN®vietheless, Sy.o;values based on short measuring
periods are common. An extensive review of ava@aBl¥-data in Europe indicated that about half & th
considered 1,287 average SY-values measured aingastgitions have a MP < 10 year, while 31% ofdh&a
have a MP < 5 year (Vanmaercke et al. 2011b). S¥-darived from reservoir surveys generally coeeger
measuring periods. The same literature review atdit that about half of the available 507 averager&ues,
derived from reservoir surveys had a MP > 30 yednile only 15% had a MP < 10 year (Vanmaercke et al
2011b). SY.easvalues derived from reservoir surveys with a sidfitly high trapping efficiency also include
bedload and are not susceptible to errors dueftequent sampling. Therefore, they may be expetteagive a
higher but often more accurate estimate of the ®%,.,, compared to Sy¥.o;values measured at gauging
stations.

As indicated in Fig. 11, uncertainties due intemaa variability quickly decrease after the firstays of
monitoring. However, even after 50 years of moimiigyr uncertainties are still considerable. This imagortant
implication for our understanding of sediment dymmand our attempts to model long-term,S)values.
Many models succeed relatively well in predictingeage sediment fluxes based on constant catchment
characteristics (e.g. Syvitski et al. 2005; de ¥emnd Poesen, 2005). However, the relatively higgreks of
uncertainty on measured S¥data, even after long measuring periods (seelfig.imply that it is impossible
for a steady-state model to account for all obsemaziation in SY, regardless of the quality of thedel, input
data or SY-measurements. As runoff and rainfaliaslity control this temporal variability to sonextent (see

Fig. 7 and 8), models that explicitly consider thégiation in runoff and/or climate may be exped®gerform
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better. However, such models face other importhatlenges, related to accurate process descripgiodsnput
data requirements. Several reviews indicated #raporal (and spatial) explicit process-based mogketerally
do not perform better than temporally lumped ergpirimodels (e.g. Merrit et al. 2003; de Vente et2@08;
Govers, 2011).

5 Conclusions and recommendations

This study aimed at quantifying the magnitude eérirannual variability of annual SY data; identifgifactors
that control this variability; and assessing thfeatfof this variability on the reliability of meaed average SY-
data. Limitations on the available data made ffidift to fully address these research objectiésstly, large
numbers of SY time series were only available féewa regions, while for many other regions littlerm data
were available. Also, the considered SY data wetleated by various methods which are subjectedatious
sources of uncertainties. These uncertainties afifect the observed inter-annual variability in ®Wt their
effect on our results could not be assessed. Funtive, inter-annual variability may be attributabdespecific
trends, related to the construction of dams anervegs, land use changes or climatic changestifgamg such
trends was impossible due to a lack of data ansl s of the scope of this research. However, ¢selts of
this study are based on a vast dataset of 15,02%h8Y-observations for 726 catchments, reprasgriwide
range of catchment areas, SY-values, environmeaotalitions and human impacts. Therefore, the resilthis
study are expected to be representative for ther-arinual variability of measured contemporary rsedit
fluxes in the USA and major parts of Europe and\tiddle East.

Analyses of this large dataset revealed that iaterdal variability in SY is generally considerabeit may
differ greatly between catchments (§\Walues ranged between 6 and 313% with a medi&@d%y). The factors
controlling this variability could only partly beléntified. Variation in annual runoff as well asnfall depth
explains a part (< 35%) of the observed varigbdit SY, while catchment area seems of very littiportance.
Our results remain inconclusive about a potentifece of land use on the inter-annual variabilify Y, but
indicate only a weak correlation.

The difficulties to explain inter-annual variabjlitn SY between catchments may be partly attridetab the
limitations mentioned above. Furthermore, othetdiacthat were not considered in this study (eagchoment
geology, distance to potential sediment sourceg) coatribute to some of the observed variatiomier-annual
variability. Nonetheless the results of this ankdeotstudies suggest that the inter-annual varighili SY in a
catchment is also strongly controlled by the ocanece of extreme events. Further attempts to quethigf inter-
annual variability may therefore benefit strongigrh a better understanding about the sensitiiigatchments
to such extreme events.

Our lack of understanding about the factors coliiglinter-annual variability in SY impedes us tesass
catchment-specific uncertainty ranges on average/d@lyes as a function of their MP due to this irganual
variability. However, it was possible to statistigacalculate robust ranges of these uncertaintiesed on the
large dataset of time series considered in thidysthig. 11 can therefore be used to estimatetpeated range
of uncertainty for SY-values with a known MP.

In general, the results of this study show thateutainties on average SY-values due to inter-anvaidhbility
can be very large, especially when the MP is sfoi® yr). Furthermore these uncertainties are asgimaoal

and have a tendency to underestimate the actuglteym mean SY when measuring periods are shois Th
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asymmetric nature of SY time series has been giyeeglected by previous studies. The reliabitfyaverage
SY quickly improves after the first years of monitg. However, uncertainty ranges can remain camaioly
high, even after 50 years of monitoring. As a reghls should be considered in models aiming atljgting the

average SY as well as in decision making-strategies
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790 TABLES AND FIGURES

# catchments wit  # annual runof

# catchments # annual SY- corresponding runo  discharge
Country Sources with SY-data  observations data observations
Algeria Abdelali et al., 2003 3 30 - -
Achite and Ouillon, 2007 1 22 1 22
Belgium Close-Lecocq et al., 1982 1 20 1 20
Czech Rpublic Kadlec et al., 2007 1 10 - -
Finland Finnish Environment Institute, 2008 27 420 - -
Finnish Environment Institute, 2010 15 345 15 345
France Pont et al., 2002 1 30 1 30
Schéfer et al., 2002 2 20 2 20
Germany Hrissanthou, 1988 1 12 -
Hungary Kertész, 2000 1 17 - -
Iceland Palsson et al., 2000 1 35 1 35
Iran Arabkhedri et al., 2004 123 3643 37 1107
Italy De Casa and Giglio, 1981 4 44 - -
Lenzi and Comiti, 2003 1 16 - -
Norway Bogen, 2004 2 29 2 29
Norway (Svalbard) Bogen and Bgnsnes, 2003 1 12 -
Poland Bednarczyk and Madeyski, 1998 1 22 - -
Maruszczak et al., 1992 4 34 - -
Stepniewska and Stepniewski, 2008 1 11 1 11
Romania Diaconu, 1969 2 19 2 19
INHGA, 2010 67 2647 61 2393
Serbia Kostadinov and Markovic, 1996 1 9 - -
Djorovic, 1992 1 10 1 10
Spain Casali et al., 2008 2 14 - -
Sweden SMHI, 2008 29 531 28 511
Switzerland FOEN, 2008 13 175 - -
Turkey EIE, 2005 116 2746 107 2580
United Kingdom Walling and Webb, 1988 1 10 - -
Harlow et al., 2006 3 38 2 20
U.S.A USGS, 200 30C 405¢ 29€ 4021
791 Total 72€ 1502¢ 55¢ 1117:%

792 Table 1 Overview of the selected annual sediment yieM)(8me series per country. For each source, the

793  number of catchments and corresponding sum of &r8¥iabservations is indicated, as well as the nemuf

794  catchments and observations for which also theesponding annual runoff discharge data were availab

795
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829 Fig. 8 Coefficient of variation of the annual sedimenglgii values (C¥) versus the estimated coefficient of
830 variation of annual rainfall of each catchment ¢CVThe value indicated by a cross was excluded ftoen

831 regression, since its correspondingGvas expected to be unreliable (see text)
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Fig. 9 Relationships between the coefficients of variatmf annual sediment yield (GY) and various
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sediment yield for the whole measuring period
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